Introduction {#sec1-1744806919840098}
============

A frequent side effect of many cancer chemotherapeutics is peripheral neuropathy manifesting sensory symptoms including spontaneous pain and mechanical/cold allodynia in both hands and feet (a "stocking and glove" distribution).^[@bibr1-1744806919840098],[@bibr2-1744806919840098]^ The pain due to chemotherapy-induced peripheral neuropathy (hereafter, termed CIPN pain) impedes the anti-cancer treatments by limiting treatment options (e.g., dose reduction, a switch to less efficacious agents, cessation of treatment, etc.).^[@bibr3-1744806919840098]^ Furthermore, CIPN pain may persist well beyond the cessation of treatment,^[@bibr4-1744806919840098],[@bibr5-1744806919840098]^ negatively impacting cancer survivors' quality of life in the long term.

Substantial research efforts have been made to elucidate the mechanisms of CIPN, and oxidative stress---the imbalance between the production of reactive oxygen species (ROS) and the ability to detoxify its harmful effect---is identified as one of the important pathogenic factors damaging peripheral sensory neurons.^[@bibr6-1744806919840098]^ Indeed, antioxidant chemicals, such as phenyl-N-tert-butylnitrone (PBN) and 4-hydroxy-2,2,6,6-tetramethylpiperidine1-oxyl (TEMPOL), temporarily reduce already developed CIPN pain in animal models,^[@bibr7-1744806919840098][@bibr8-1744806919840098]--[@bibr9-1744806919840098]^ demonstrating that reducing oxidative stress is a promising CIPN pain therapy. However, because ROS is also required for normal body functions,^[@bibr10-1744806919840098],[@bibr11-1744806919840098]^ it will be necessary to take strategic approaches for reducing oxidative stress to be "pain-specific." One strategy would be to identify the site of pain-associated oxidative stress and specifically target the site with antioxidant compounds. Therefore, the purpose of this study is to determine such sites using two mouse models of CIPN, cisplatin- and paclitaxel-induced CIPN, and understand the neurophysiological mechanisms accounting for CIPN pain. The hallmark behavioral sign of CIPN in rodent models is mechanical hypersensitivity to tactile stimulation, reflecting mechanical allodynia in human CIPN patients.^[@bibr12-1744806919840098]^ Here, we report that peripheral and central oxidative stress play a differential role in mechanical hypersensitivity induced by the two chemotherapeutics.

Materials and methods {#sec2-1744806919840098}
=====================

Animals {#sec3-1744806919840098}
-------

Male C57BL/6N mice (7--12 weeks, Charles River, Houston, TX) were used throughout this study. The mice were housed on a 12--12 h light--dark cycle with standard bedding and free access to food and water in animal facility accredited by the Association for the Assessment and Accreditation of Laboratory and Care International. All experimental procedures using animals were done according to the guidelines of the Institutional Animal Care and Use Committee at the University of Texas Medical Branch.

Induction of CIPN {#sec4-1744806919840098}
-----------------

Cisplatin and paclitaxel (Sigma-Aldrich, St. Louis, MO) were dissolved in dimethyl sulfoxide (DMSO) at a concentration of 50 mg/ml. The solution was mixed with an equal volume of Tween-80 and then diluted in sterile saline to 2 mg/mL just before injection. Each chemical (2 mg/kg) was injected intraperitoneally on four alternate days (days 0, 2, 4, and 6) to induce CIPN. Control animals were injected with the same volume of vehicle (0.4% DMSO and 0.4% Tween-80 in saline). The body weight and behavioral mechanosensory responses were measured before and at various time points after the injections of chemotherapeutics.

Behavioral test {#sec5-1744806919840098}
---------------

Mechanical sensitivity was determined by examining the response rates of paw withdrawals from 10 repeated stimuli applied to the paw using a von Frey filament delivering 0.98 mN (Stoelting, Wood Dale, IL). All experiments were conducted by an experimenter blinded to the treatment groups. Mice were placed in a plastic box on a metal grid floor and acclimated for 15 to 20 min prior to testing. The von Frey filament was applied perpendicularly to the skin for 2 to 3 s on the hindpaw with enough force to bend it slightly. An abrupt withdrawal of the foot during or immediately after stimulation was regarded as a positive response. Response rates were calculated as a percentage of the number of positive responses per 10 stimuli.

Silencing of specific types of sensory fibers in vivo {#sec6-1744806919840098}
-----------------------------------------------------

Capsaicin (Sigma-Aldrich) or allyl isothiocyanate (AITC, Sigma-Aldrich) was freshly prepared in 10% ethanol, 10% Tween-80, and 80% saline containing QX-314 (Sigma-Aldrich; the final concentration of QX-314 was 2%). Flagellin (Sigma-Aldrich) was dissolved in saline containing 2% QX-314. QX-314 alone, QX-314 with capsaicin (0.1%), QX-314 with AITC (0.1%), and QX-314 with flagellin (0.9 μg) were intradermally injected (5 μL) at von Frey filament stimulation sites. QX-314, at 2% concentration, was shown to block capsaicin-induced mechanical/heat hypersensitivity development^[@bibr13-1744806919840098]^ and Aβ fiber excitation^[@bibr14-1744806919840098]^ when injected with the abovementioned doses of capsaicin and flagellin, respectively. Likewise, we chose 2% QX-314 with 0.1% AITC based on our pilot experiment showing a complete blockade of mechanical hypersensitivity development that is normally induced by 0.1% AITC alone.

Treatment of a ROS scavenger in vivo {#sec7-1744806919840098}
------------------------------------

To locate the pain-associated oxidative stress sites, effects of the ROS scavenger PBN (Sigma-Aldrich; dissolved in sterile saline) was determined after injecting the drug via three different routes: intraperitoneal (i.p., 100 mg/kg), intradermal (i.d., 100 μg in 5 μL), and intrathecal (i.t., 100 μg in 5 μL) injections under isoflurane anesthesia (3% for induction and 2% for maintenance in a flow of O~2~). The i.p. and i.t. doses of PBN were based on our previous studies demonstrating their inhibitory effects on spinal nerve ligation- and paclitaxel-induced mechanical hypersensitivity without causing sedation.^[@bibr7-1744806919840098],[@bibr15-1744806919840098],[@bibr16-1744806919840098]^ For i.d. injection, PBN was injected at von Frey filament stimulation sites, and for i.t. injection, the scavenger was injected by the lumbar puncture method.^[@bibr17-1744806919840098],[@bibr18-1744806919840098]^

Single afferent unit recording in ex vivo skin-nerve preparations {#sec8-1744806919840098}
-----------------------------------------------------------------

The hindpaw glabrous skin from the ankle to the tips of the toes was dissected with the tibial nerve attached. The skin was placed corium side up in an organ bath superfused with an oxygen-saturated, warmed (34°C) artificial interstitial fluid (in mM: NaCl, 123; KCl, 3.5; MgSO~4~, 0.7; CaCl~2~, 2.0; Na gluconate, 9.5; NaH~2~PO~4~, 1.7; glucose, 5.5; sucrose, 7.5; and HEPES, 10; pH 7.4) at a flow rate of 15 mL/min. The tibial nerve was placed in a separate, mineral oil-filled chamber and teased into small bundles. The small bundles were placed onto a platinum recording electrode to detect a single fiber activity (i.e., action potential (AP) firing). The signal was amplified using a differential amplifier (DAM80, World Precision Instruments, Sarasota, FL) and recorded through CED1401 interface and Spike2 software (CED Ltd., Cambridge, UK). Mechanosensitive fibers were identified initially by probing the skin with a blunt glass rod. Only units responding to this search stimulus were studied in detail. The conduction velocity (CV) of each unit was determined from the latency of the AP triggered by monopolar electrical stimulation (0.3--3.0 ms duration, 0.02--1.0 mA) of the receptive field and the distance between the stimulation and the recording electrodes. Fibers with CV ≤1.3 m/s were regarded as C fibers, CV ≥13.3m/s as Aβ fibers, and CV between the two values as Aδ fibers.^[@bibr19-1744806919840098]^

Ramp (10 mN/s for 20 sec, from 20 mN) mechanical stimulation was applied to the receptive field using a dual mode lever system (Aurora Scientific Inc., Ontario, Canada). The compression probe for mechanical stimulation was 0.7 mm in diameter. The force eliciting the first AP upon the ramp stimulation was considered activation threshold for the unit. To determine the unit's stimulation intensity--response magnitude profile, the number of APs was measured from 20 mN to a given stimulation intensity. Mechanical stimulation was applied before and after PBN (1 mM) application onto the receptive field for 30 min.

Patch-clamp recording of dorsal horn neurons in ex vivo spinal cord slices {#sec9-1744806919840098}
--------------------------------------------------------------------------

Spinal cord slices were prepared as previously described.^[@bibr20-1744806919840098]^ Briefly, the spinal cord was sliced transversely at a thickness of 350 μm using a vibratome (Leica VT1200S, Buffalo Grove, IL) in cold (∼4°C) NMDG (N-methyl-D-glucamine) solution (in mM: 93 NMDG, 2.5 KCl, 1.2 NaH~2~PO~4~, 30 NaHCO~3~, 20 HEPES, 25 glucose, 5 sodium ascorbate, 2 thiourea, 3 sodium pyruvate, 10 MgSO~4~ and 0.5 CaCl~2~, pH 7.4), saturated with 95% O~2~ and 5% CO~2~.

Whole-cell recordings were made on random neurons in lamina II in artificial cerebrospinal fluid (ACSF in mM: 124 NaCl, 2.5 KCl, 1.2 NaH~2~PO~4~, 24 NaHCO~3~, 5 HEPES, 12.5 glucose, 2 MgSO~4~, and 2 CaCl~2~, pH 7.4) using Multiclamp 700B amplifier (Molecular Devices, Sunnyvale, CA), DigiDATA (Molecular Devices), and pClamp software (version 10.6. Molecular Device) at a 10 kHz sampling rate and a 2 kHz filtering rate. The patch-pipettes (4--8 MΩ) were filled with internal solution (in mM: 120 K-gluconate, 10 KCl, 2 Mg-ATP, 0.5 Na-GTP, 0.5 EGTA, 20 HEPES, and 10 phosphocreatine, pH 7.3). After making whole-cell recording configuration, the miniature excitatory postsynaptic currents (mEPSC) were recorded for 100 s at −65 mV with 10 mM lidocaine (Sigma-Aldrich) in ACSF. For pharmacological scavenging of ROS, 1 mM PBN (Sigma-Aldrich) was superfused for 5 min during recordings; the concentration of PBN was based on previous electrophysiological studies.^[@bibr16-1744806919840098],[@bibr21-1744806919840098]^

Data analysis {#sec10-1744806919840098}
-------------

All data are expressed as the mean±standard error of the mean (SEM) with n, the number of samples. For multiple comparison tests, we predetermined pairwise comparison groups (an *a priori* approach). For behavioral data at multiple time points after drug treatments, nonparametric Friedman test followed by Dunn's test was first used to examine a difference between the pre- and post-drug treatment values. If the behavioral dataset passed a normality test (Shapiro--Wilk test) and an equal variance test (Brown--Forsythe test), the dataset was analyzed using one-way repeated measure (RM) analysis of variance (ANOVA) followed by Holm--Sidak multiple comparison test. Electrophysiological data were analyzed using Spike2 (CED Ltd.) and Clampfit software (Molecular Devices). Events were detected using the template event detection method. These electrophysiological data were statistically analyzed using either one-way ANOVA or two-way RM ANOVA followed by Holm--Sidak multiple comparison tests. Detection frequency (i.e., relative proportion of each fiber type in three mouse groups) was analyzed by Chi-square test. In all tests, p \< 0.05 was considered significant.

Results {#sec11-1744806919840098}
=======

Afferent types mediating chemotherapy-induced mechanical hypersensitivity {#sec12-1744806919840098}
-------------------------------------------------------------------------

Mice treated with vehicle or paclitaxel steadily gained body weight, whereas cisplatin-treated mice lost their weight by ∼10% by the end of the chemotherapy ([Figure 1(a)](#fig1-1744806919840098){ref-type="fig"}) and then regained body weight afterward as previously reported.^[@bibr22-1744806919840098]^ During and after the chemotherapy regimen, mice gradually developed mechanical hypersensitivity, which manifested as increased hindpaw withdrawals from von Frey filament stimulation that normally did not evoke the nocifensive behavior in the baseline (i.e., before the chemotherapy) ([Figure 1(b)](#fig1-1744806919840098){ref-type="fig"}). Vehicle of the chemotherapeutics did not produce such mechanical hypersensitivity over time.

![Effects of cisplatin and paclitaxel on the body weight and mechanical hypersensitivity. The two chemotherapeutics were intraperitoneally injected once daily on four alternate days (days 0, 2, 4, and 6; black arrows); on the injection days, the body weight and withdrawal behaviors were measured before the injection. (a) Mice lost their body weight during the cisplatin (Cis, n = 11) treatment and then regained the weight afterwards. Paclitaxel (Pac, n = 15) had no effect on the body weight. (b) Both Cis and Pac induced hypersensitive response to normally innocuous von Frey filament stimulations, producing increased withdrawals from the mechanical stimulation. \*\*p \< 0.01 versus vehicle (Veh, n = 10) by two-way RM ANOVA.](10.1177_1744806919840098-fig1){#fig1-1744806919840098}

When the chemotherapy-induced mechanical hypersensitivity fully developed (i.e., four to five weeks after the chemotherapy initiation), we examined the types of sensory fibers mediating the hypersensitivity. To this end, we took advantage of the approaches using QX-314, a membrane impermeable lidocaine analog, together with Transient Receptor Potential Channel V1 (TRPV1) agonists, TRPA1 agonists, or Toll-like receptor 5 (TLR5) agonists to selectively silence TRPV1-expressing, TRPA1-expressing, or Aβ fibers, respectively.^[@bibr13-1744806919840098],[@bibr14-1744806919840098],[@bibr23-1744806919840098]^ As shown in [Figure 2](#fig2-1744806919840098){ref-type="fig"}, QX-314 (2%, 5 μL) injected alone at the von Frey filament stimulation site did not affect the chemotherapy-induced mechanical hypersensitivity. Co-injection of QX-314 with the TRPV1 agonist capsaicin (0.1%, 5 μL) or the TRPA1 agonist AITC (0.1%, 5 μL) significantly inhibited the hypersensitivity in cisplatin-treated mice but not in paclitaxel-treated mice. By contrast, co-injection of QX-314 with the TLR5 agonist flagellin alleviated the hypersensitivity in paclitaxel-treated mice but not in cisplatin-treated mice, collectively suggesting that TRPV1/TRPA1-expressing afferents mediate cisplatin-induced mechanical hypersensitivity, whereas Aβ fibers mediate paclitaxel-induced mechanical hypersensitivity.

![Afferent types mediating the chemotherapy-induced mechanical hypersensitivity. When cisplatin (Cis)- and paclitaxel (Pac)-induced mechanical hypersensitivity fully developed (i.e., four to five weeks after the first injection of the chemotherapeutics), mice received (indicated by a black arrow) QX-314 (QX), a membrane-impermeable lidocaine analogue, together with the Transient Receptor Potential channel V1 (TRPV1) agonist capsaicin (Cap), the TRPA1 agonist allyl isothiocyanate (AITC), or the Toll-like receptor 5 (TLR5) agonist flagellin (Fla) at their hindpaw to selectively silence TRPV1-expressing, TRPA1-expressing, and Aβ sensory fibers. (a) Cis-induced mechanical hypersensitivity was significantly inhibited by QX+Cap (n = 6) and QX+AITC (n = 6) but not by QX+Fla (n = 8). (b) By contrast, Pac-induced mechanical hypersensitivity was inhibited only by QX+Fla (n = 8) but neither by QX+Cap (n = 6) nor QX+AITC (n = 6). QX alone had no effect in both mouse models (n = 4 each) of chemotherapy-induced neuropathic pain. \*\*p \< 0.01 versus pre-drug (before QX+drug injections) by Holm--Sidak multiple comparison test following one-way RM ANOVA in (a) and by Dunn's test following Friedman test in (b).](10.1177_1744806919840098-fig2){#fig2-1744806919840098}

The sites of oxidative stress associated with chemotherapy-induced mechanical hypersensitivity {#sec13-1744806919840098}
----------------------------------------------------------------------------------------------

We then examined whether oxidative stress commonly contributes to cisplatin- and paclitaxel-induced mechanical hypersensitivities despite that they are mediated by different types of afferents. Systemic application of the ROS scavenger PBN (100 mg/kg, i.p.) partially but significantly inhibited both the cisplatin- and paclitaxel-induced mechanical hypersensitivity ([Figure 3](#fig3-1744806919840098){ref-type="fig"}). To determine whether the site of this pain-associated oxidative stress is at the periphery or at the level of the spinal cord, PBN was given either intradermally (100 μg, 5 μL at the von Frey filament stimulation site) or intrathecally (100 μg, 5 μL into the lumbar cistern), respectively. Intradermal PBN significantly attenuated cisplatin-induced mechanical hypersensitivity but had no effect on the paclitaxel counterpart. On the contrary, i.t. PBN significantly inhibited paclitaxel-induced mechanical hypersensitivity without affecting the cisplatin counterpart. These results suggest that the site of mechanical hypersensitivity-associated oxidative stress is at the periphery in cisplatin-treated mice and at the level of the spinal cord in paclitaxel-treated mice. Therefore, in the next experiments, we examined whether the two chemotherapeutics alter peripheral and spinal sensory neuronal excitability, and if so, whether oxidative stress maintains the alteration(s).

![Sites of pain-associated oxidative stress in chemotherapy-induced neuropathic pain. When cisplatin (Cis)- and paclitaxel (Pac)-induced mechanical hypersensitivity fully developed, the free radical scavenger phenyl-N-tert-butylnitrone (PBN) was given (indicated by a black arrow) systemically (i.e., i.p. injection), at the level of the spinal cord (i.e., i.t. injection), or at the hindpaw (i.e., i.d. injection). (a) Cis-induced mechanical hypersensitivity was significantly inhibited by PBN given via i.p. (n = 6) and i.d. (n = 6) routes but not i.t. (n = 6) route. (b) By contrast, Pac-induced mechanical hypersensitivity was inhibited by PBN given via i.p. (n = 9) and i.t. (n = 9) routes but not i.d. (n = 8) route. \*\*p \< 0.01 versus pre-drug (before PBN injections) by Holm--Sidak multiple comparison test following one-way RM ANOVA in (a); \*p \< 0.05 by Dunn's test following Friedman test in (b).](10.1177_1744806919840098-fig3){#fig3-1744806919840098}

Peripheral oxidative stress affecting mechanosensitivity of Aδ/C fibers in the skin {#sec14-1744806919840098}
-----------------------------------------------------------------------------------

In this experiment, we determined the mechanosensitivity of sensory fibers in the tibial nerve innervating the hindpaw skin. The detection frequencies of Aβ, Aδ, and C fibers were not significantly different between vehicle-, cisplatin-, and paclitaxel-treated mice ([Table 1](#table1-1744806919840098){ref-type="table"}). As for Aβ fibers, neither mechanical thresholds before/after PBN (F(2,11)=1.393, p = 0.289 by two-way RM ANOVA) nor CV (F(2,13)=0.285, p = 0.757 by one-way ANOVA) differed between the three mouse groups. Because of the limited numbers of slowly adapting Aβ fibers (n = 2--3) in our samples, AP numbers in this fiber type were not statistically analyzed.

###### 

Detection frequencies and CV of Aβ, Aδ, and C fibers in vehicle-, cisplatin-, and paclitaxel-treated mice.

![](10.1177_1744806919840098-table1)

              Vehicle (n = 26)   Cisplatin (n = 25)   Paclitaxel (n = 18)
  ----------- ------------------ -------------------- ---------------------
  Aβ                                                  
   n          3 (12%)            5 (20%)              6 (33%)
   CV (m/s)   15.8 ± 0.7         16.9 ± 1.4           16.3 ± 0.9
  Aδ                                                  
   n          17 (65%)           12 (48%)             7 (39%)
   CV (m/s)   8.2 ± 0.9          5.0 ± 0.7^†^         4.4 ± 0.7^††^
  C                                                   
   n          6 (23%)            8 (32%)              5 (28%)
   CV (m/s)   0.7 ± 0.3          0.9 ± 0.3            0.7 ± 0.2

Note: ^†^p \< 0.05; ^††^ p \< 0.01 versus vehicle group by Holm--Sidak multiple comparison test following one-way ANOVA. CV: conduction velocity.

As for Aδ fibers, CV was significantly slower in cisplatin- and paclitaxel-treated mice than in vehicle-treated mice ([Table 1](#table1-1744806919840098){ref-type="table"}), suggesting that this fiber type is undergoing axonal or demyelinating damages in our experimental CIPN setting. Although mechanical thresholds of Aδ fibers did not significantly differ between the three mouse groups before PBN application ([Figure 4(b)](#fig4-1744806919840098){ref-type="fig"}) (F(2,33)=0.507, p = 0.607 by two-way RM ANOVA), the number of APs discharged during the ramp stimulation was significantly greater in cisplatin-treated mice than in vehicle-treated mice ([Figure 4(c)](#fig4-1744806919840098){ref-type="fig"}). The increased mechanosensitivity of Aδ fibers in cisplatin-treated mice was inhibited by applying PBN (1 mM) onto their receptive endings ([Figure 4(e)](#fig4-1744806919840098){ref-type="fig"}). Furthermore, PBN significantly increased their mechanical thresholds ([Figure 4(b)](#fig4-1744806919840098){ref-type="fig"}), while having no effect on mechanosensitivity of Aδ fibers in vehicle- and paclitaxel-treated mice ([Figure 4(b), (d), and (f)](#fig4-1744806919840098){ref-type="fig"}).

![Mechanosensitivity of cutaneous Aδ fibers in mouse models of chemotherapy-induced neuropathic pain. (a) Representative traces of single fiber recording in an ex vivo hindpaw skin-tibial nerve preparation. Mechanosensitive Aδ fibers were stimulated by ramp stimulation (20 to 220 mN, 10 mN/s). The force evoking the first AP firing was regarded as the unit's mechanical threshold (Th) and the number of APs was cumulatively counted. (b) Mechanical thresholds of Aδ fibers before and after PBN application onto their receptive endings in vehicle (Veh, n = 17)-, cisplatin (Cis, n = 12)-, and paclitaxel (Pac, n = 7)-treated mice. (c) Stimulus intensity--response magnitude relationship of Aδ fibers in the three mouse groups before PBN application. (d, e, and f) Effects of PBN on the relationship in the three mouse groups. \*p \< 0.05; \*\*p \< 0.01 versus "before" in each mouse group; ^†^p \< 0.05 versus Veh by Holm--Sidak multiple comparison test following two-way RM ANOVA. PBN: phenyl-N-tert-butylnitrone.](10.1177_1744806919840098-fig4){#fig4-1744806919840098}

The CV of C fibers was not affected by cisplatin or paclitaxel treatment ([Table 1](#table1-1744806919840098){ref-type="table"}) (F(2,16)=1.575, p = 0.238 by one-way ANOVA). However, their mechanical thresholds were significantly decreased by the two chemotherapeutics ([Figure 5(a)](#fig5-1744806919840098){ref-type="fig"}). The number of APs discharged during the ramp stimulation was significantly greater only in cisplatin-treated mice than in vehicle-treated mice ([Figure 5(b)](#fig5-1744806919840098){ref-type="fig"}), which was inhibited by PBN application onto their receptive endings ([Figure 5(d)](#fig5-1744806919840098){ref-type="fig"}). There was also a trend (p = 0.078 by Holm--Sidak test following two-way RM ANOVA) toward an increase in C fiber mechanical thresholds after PBN application in cisplatin-treated mice. By contrast, in vehicle- and paclitaxel-treated mice, PBN had no effect on C fiber mechanical thresholds and their stimulation intensity--response magnitude profiles ([Figure 5(a), (c), and (e)](#fig5-1744806919840098){ref-type="fig"}).

![Mechanosensitivity of cutaneous C fibers in mouse models of chemotherapy-induced neuropathic pain. (a) Mechanical thresholds of C fibers before and after PBN application onto their receptive endings in vehicle (Veh, n = 6)-, cisplatin (Cis, n = 8)-, and paclitaxel (Pac, n = 5)-treated mice. (b) Stimulus intensity--response magnitude relationship of C fibers in the three mouse groups before PBN application. (c, d, and e) Effects of PBN on the relationship in the three mouse groups. ^†^p \< 0.05, ^††^p \< 0.01 versus "before" in Veh; \*p \< 0.05 versus "before" in each mouse group by Holm--Sidak multiple comparison test following two-way RM ANOVA. PBN: phenyl-N-tert-butylnitrone; AP: action potential.](10.1177_1744806919840098-fig5){#fig5-1744806919840098}

Central oxidative stress affecting excitatory synaptic strength in the spinal cord {#sec15-1744806919840098}
----------------------------------------------------------------------------------

In ex vivo spinal cord slices collected from the three mouse groups, we recorded miniature excitatory postsynaptic currents (mEPSC) to assess the strength of excitatory synapses in the superficial dorsal horn. As shown in [Figure 6](#fig6-1744806919840098){ref-type="fig"}, mEPSC frequency was significantly higher in cisplatin- (0.36 ± 0.07 Hz, n = 8; p = 0.004 versus vehicle by Holm--Sidak multiple comparison test) and paclitaxel-treated mice (0.45 ± 0.07 Hz, n = 7; p \< 0.001 versus vehicle by Holm--Sidak multiple comparison test) than in vehicle-treated mice (0.11 ± 0.04 Hz, n = 8). Superfusion of PBN (1 mM) into the recording chamber decreased the mEPSC frequency only in paclitaxel-treated mice (0.16 ± 0.07 Hz, n = 7; p \< 0.001 versus before PBN by Holm--Sidak multiple comparison test). The amplitudes of mEPSC were neither different between mouse groups (F(2,20)=0.357, p = 0.704 by two-way RM ANOVA) nor changed by PBN application (F(1,20)=0.184, p = 0.672 by two-way RM ANOVA).

![Involvement of spinal oxidative stress in increased excitatory synaptic strength in dorsal horn neurons. Ex vivo spinal cord slices were prepared from vehicle (Veh, n = 8)-, cisplatin (Cis, n = 8)-, and paclitaxel (Pac, n = 7)-treated mice when mechanical hypersensitivity fully developed in the latter two mouse groups. (a) Representative traces of miniature excitatory postsynaptic currents (mEPSC) in the three mouse groups before and after phenyl-N-tert-butylnitrone (PBN), a free radical scavenger, application into the recording chamber. (b) The frequency of mEPSC was significantly increased in dorsal horn neurons of Cis- and Pac-treated mice. However, PBN normalized it only in Pac-treated mice. (c) The amplitude of mEPSC did not differ between groups. ^††^p \< 0.01 versus before in Veh; \*\*p \< 0.01 versus before in Pac by Holm--Sidak multiple comparison test following two-way RM ANOVA. PBN: phenyl-N-tert-butylnitrone; mEPSC: miniature excitatory postsynaptic currents.](10.1177_1744806919840098-fig6){#fig6-1744806919840098}

Discussion {#sec16-1744806919840098}
==========

This study demonstrates that peripheral and central (spinal) oxidative stress differentially contributes to cisplatin- and paclitaxel-induced mechanical hypersensitivity in the mouse. Specifically, cisplatin-induced mechanical hypersensitivity was found to be associated with increased mechanosensitivity of Aδ/C fibers at the periphery ex vivo, which accounts for the attenuation of cisplatin-induced mechanical hypersensitivity by silencing of mostly unmyelinated TRPV1/TRPA1-expressing afferents^[@bibr24-1744806919840098]^ in vivo. The fact that the increased mechanosensitivity of Aδ/C fibers was reduced by a ROS scavenger at the receptive fields suggests that the increase is reversibly maintained by ongoing peripheral oxidative stress. By contrast, we found no statistically significant change in the stimulation intensity--response magnitude profiles of Aδ/C fibers in paclitaxel-treated mice despite a decrease in C fiber mechanical threshold, suggesting that paclitaxel-induced mechanical hypersensitivity may not be primarily due to sensitization of mechanical nociceptors. Supporting this notion, silencing of Aβ fibers, not TRPV1/TRPA1-expressing afferents, effectively alleviated paclitaxel-induced mechanical hypersensitivity. Although potential interference with non-neuronal cells, such as peripheral immune cells expressing TRPV1, TRPA1, and TLR5,^[@bibr25-1744806919840098],[@bibr26-1744806919840098]^ can be a confounding factor in the identification of afferents mediating mechanical hypersensitivity by using QX-314 with the channel/receptor's agonist, our findings are aligned well with previous studies reporting that blocking the activity of Aβ sensory neurons inhibits mechanical hypersensitivity in paclitaxel-induced CIPN model,^[@bibr14-1744806919840098]^ whereas in cisplatin/oxaliplatin-induced CIPN models, TRPV1/TRPA1 expression is upregulated in sensory ganglia, and impairing these channels attenuates mechanical/cold/heat hypersensitivity.^[@bibr27-1744806919840098],[@bibr28-1744806919840098]^

Because Aβ fibers are normally unable to activate the nociceptive sensory pathway, central processing of their inputs must be altered for Aβ fibers to mediate mechanical hypersensitivity. One potential mechanism is an increase in excitatory synaptic transmission in spinal dorsal horn nociceptive circuits, constituting central sensitization.^[@bibr29-1744806919840098]^ In our previous study, a mouse model of traumatic peripheral neuropathy showed increased mEPSC frequency in spinal dorsal horn neurons, which was reversibly maintained by upregulated mitochondrial superoxide.^[@bibr20-1744806919840098]^ In this study, we also observed an increase in mEPSC frequency in spinal dorsal horn neurons of cisplatin- and paclitaxel-treated mice. Notably, the increased excitatory synaptic strength was reduced by a ROS scavenger in paclitaxel-treated mice but not in cisplatin-treated mice. This observation provides an explanation for the behavioral results that i.t. PBN was effective only on paclitaxel-induced mechanical hypersensitivity. Combined, the results of this study suggest that four to five weeks after the initiation of chemotherapy, cisplatin-induced mechanical hypersensitivity is attributed to mechanical nociceptor sensitization maintained by peripheral oxidative stress, whereas paclitaxel-induced mechanical hypersensitivity is due to spinal oxidative stress that maintains central sensitization abnormally processing Aβ fiber inputs as nociceptive. With respect to the latter, compared to our experimental condition, the same (2 mg/kg) and a higher dose (4 mg/kg) of paclitaxel in rats^[@bibr30-1744806919840098]^ and mice,^[@bibr31-1744806919840098]^ respectively, are shown to cause spontaneous firing and hyperexcitability in small dorsal root ganglia neurons one to two weeks after the first paclitaxel treatment. Therefore, it may be important to consider potential species-, chemotherapeutic dose-, and the disease stage-dependent differences in the role of nociceptor sensitization in paclitaxel-induced mechanical hypersensitivity.

Since the mEPSC frequency but not amplitude was found to be increased in cisplatin- and paclitaxel-treated mice, the increased excitatory synaptic strength in the spinal dorsal horn may involve potentiation of presynaptic function. Identification of the potentiated presynaptic terminals is beyond the scope of present work; it will be necessary in future study to examine whether the central terminals of primary afferents, especially the ones undergoing CIPN in the periphery, are potentiated. Since Aδ fibers commonly showed a sign of neuropathy by their decreased CV in cisplatin- and paclitaxel-treated mice, we may obtain an insight into the potentiation of neuropathic primary afferent's central terminals by determining the paired pulse ratio and magnitude of Aδ fiber-mediated monosynaptic responses in our experimental CIPN setting.

Our results indicate that cisplatin-potentiated presynaptic function does not require ongoing oxidative stress to maintain the potentiated state, unlike the paclitaxel counterpart. Therefore, it would be interesting to further study the mechanistic differences in the increased excitatory presynaptic function between cisplatin- and paclitaxel-treated mice. It is noteworthy that selective activation of either microglia or astrocytes commonly increases mEPSC frequency without altering mEPSC amplitude.^[@bibr32-1744806919840098],[@bibr33-1744806919840098]^ With respect to this, cisplatin was shown to activate spinal microglia, not astrocytes, and upregulate the gene expression of inflammatory cytokines such as interleukin-1β (IL-1β) and tumor necrosis factor-α (TNF-α),^[@bibr34-1744806919840098]^ whereas paclitaxel activates astrocytes, not microglia, without changing the levels of IL-1β and TNF-α in the spinal cord.^[@bibr35-1744806919840098]^ It could be that such differential glial activation in the spinal cord after cisplatin and paclitaxel treatments underlies/contributes to their mechanistic differences in the potentiation of excitatory presynaptic strength.

While demonstrating the differential involvement of "ongoing" peripheral and central oxidative stress in cisplatin- and paclitaxel-induced mechanical hypersensitivity, our results do not rule out the possibility that some "irreversible" changes may have already occurred in the nociceptive sensory pathway by oxidative stress after the chemotherapies, and the "irreversible" changes, maintenance of which being no longer dependent on oxidative stress, underlie the PBN-resistant part of mechanical hypersensitivity. Supporting this notion, previous studies showed that early intervention with ROS scavengers or a mitochondria protectant completely prevented cisplatin- and paclitaxel-induced mechanical hypersensitivity,^[@bibr7-1744806919840098],[@bibr9-1744806919840098],[@bibr36-1744806919840098]^ suggesting that there is a critical period of time during/after chemotherapy when oxidative stress irreversibly changes the sensory nervous system and establishes the perpetuation of oxidative stress.

In conclusion, we found that cisplatin- and paclitaxel-induced mechanical hypersensitivities are mediated in part by ongoing peripheral and central (spinal) oxidative stress, respectively. Oxidative stress at the two sites appears to maintain an increase in the mechanosensitivity of Aδ/C fibers in cisplatin-treated mice and a potentiation of excitatory synaptic strength in the dorsal horn in paclitaxel-treated mice. This provides mechanistic accounts for the site-specific inhibitory effects of a ROS scavenger on mechanical hypersensitivity caused by the two chemotherapeutics. From a therapeutic standpoint, because ROS is also required for physiological functions,^[@bibr11-1744806919840098]^ a "site-specific" ROS scavenging strategy may be useful for selectively targeting oxidative stress associated with chemotherapy-induced mechanical hypersensitivity. In this regard, it should be mentioned that spontaneous pain is another important manifestation of CIPN pain, and thus, it warrants further investigation of whether ongoing oxidative stress also maintains such spontaneous pain, and if so, whether the sites of oxidative stress correspond to those mediating mechanical hypersensitivity.
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